Hydrogen deteriorates the strength of steel, and it is well known as hydrogen embrittlement. The susceptibility to this embrittlement is generally increased more with higher strength steels under the usual static loading. Meanwhile fatigue strength is more important in structural use; it is desired to clarify the effect of hydrogen on the properties under cyclic loading. Present paper deals with the effects of hydrogen entry on the strain controlled low cycle fatigue properties of low carbon steel (JIS S10C), which is the most basic kind of steels. With the information about hydrogen in steels, the extent of hydrogen damage in fatigue life and its dependence to cementite morphology were discussed. The total hydrogen content of 0.5-1.5 mass-ppm severely degrades the fatigue life of normalized S10C, which is not so strong and almost insusceptible to hydrogen embrittlement under static loading. The fracture surface is accompanied with fish-eye fracture surface. This is originated at inclusion and propagating with quasi-cleavage and vague striation. The hydrogen gas atmosphere formed around inclusion during cyclic loading is claimed to be the major reason for the degradation. Spheroidizing heat treatment makes the steel free from the degradation. The hydrogen claimed for the degradation of fatigue life is what has been trapped by pearlite or cementite/ferrite interface, because this interface is reduced by the spheroidizing treatment. It is not the hydrogen that was trapped by non-metallic inclusion before fatigue test.
Introduction
Hydrogen that is absorbed by steel often influences the mechanical properties of steels. Hydrogen embrittlement (HE) is the typical example of them. This phenomenon is related to the performance in wide applications, and numerous studies have been conducted. In these studies, tensile test, constant tension-load test or slow strain rate test is employed. 1) There are a few reports on the properties under fatigue test conditions. 2, 3) Fatigue tests should be conducted under the environment that simulates operating conditions. Sometimes, the environment would interact with the stress or strain like the case of stress corrosion cracking. It is not always appropriate to perform testing under these conditions. This report aims to study the basic effect of hydrogen on fatigue properties using hydrogen pre-charged low carbon steel (JIS S10C, equivalent to ASTM 1010), which is not so strong and less susceptible to usual hydrogen embrittlement. The test results on the normalized 4) steel are first introduced, and then experimental results on spheroidized steel are shown. Those results contain specimen specifications, fatigue test results including fatigue lives and deformation behaviors, and information about hydrogen measured by thermal desorption analysis (TDA).
Experimental Procedure
Commercial JIS S10C hot rolled bar is used for the experiment after normalizing treatment at 1 123 K. Its chemical composition and microstructure are shown in Table 1 and Fig. 1 . The microstructure is composed of ferrite and about Table 1 . Chemical composition of the S10C used in this research. 10 volume percent of pearlite. The steel bars are also given spheroidizing heat treatment, which is featured by heating at 1 033 K for 4 hours followed by slow cooling at 10 K/h until 873 K. The carbide morphologies are compared in Fig. 2 , showing the globular cementite in the spheroidized specimen. Round bar specimens measuring 5 mm in diameter and 50 mm in length were machined from the center of both the normalized and spheroidized bars. They were hydrogen charged in the 0.1 N sulfuric acid aqueous solution containing 0.06 mass% ammonium thiocyanate. They were subjected to thermal desorption analysis (TDA) after reserving in liquid nitrogen within 1 day. The heating rate used in the measurement was 100 K/s.
Round bar fatigue test specimens with parallel portion of 13 mm in diameter and 20 mm in length were machined from the two kinds of S10C steel bars. They were hydrogen charged in the above mentioned solution for 2 weeks, and reserved within 1 day in liquid nitrogen before fatigue tests. These specimens were attached to the servo-hydraulic fatigue testing machine as quick as possible. Strain controlled low cycle fatigue tests were conducted. The leading time before tests were within 7 minutes including attaching the strain gauge.
Fractured surface was examined by scanning electron microscope (SEM) equipped with energy dispersive X-ray spectroscopy (EDS).
Experimental Results on Normalized Steel

Thermal Desorption Analysis
Normalized steel was hydrogen charged at constant current densities of 5-100 A/m 2 for 1 day. Their hydrogen desorption behaviors were analyzed by TDA measurement. Desorption behavior and total amount of hydrogen desorption are shown in Figs. 3 and 4. Main desorption peak in Fig. 3 locates around 330 K. The spectra blow out around 360 K, and diminish around 390 K. When the cathodic charge is conducted with the current density of 100 A/m 2 , the spectrum out-skirts up to about 420 K.
The total amount of hydrogen desorption are plotted against current density. It increases rapidly at low current densities, whereas slowly at high current densities. The present normalized S10C has fatigue strength almost equal to those of S25C by NRIM, but a little weaker. It is degraded remarkably with the hydrogen pre-charging. The fatigue life is reduced to 7% of non-hydrogen charged specimen. When the hydrogen was pre-charged after straining to 0.0045, the fatigue strength is further degraded to 3% of the non-charged specimen.
Low Cycle Fatigue Tests
Deformation Behavior
Stress amplitudes were determined from hysteresis curves, and they are plotted in Fig. 6 against number of cycles. In comparison with the non-charged specimens, the stress amplitudes are increased by 15-25 MPa. As they are tested with the same strain amplitude, hydrogen induces hardening during strain cycling. Figure 7 shows the fracture surface of non-charged specimen observed by SEM. As shown in Fig. 7 (a), fatigue cracks initiate at surface and propagate toward inside. Crack propagation accompanies striations whose spacing is about 1 μm, as shown in Fig. 7(b) .
Fractography
Fracture surface of hydrogen charged specimen is shown in Fig. 8 . The specimen was hydrogen pre-charged at 20 A/m 2 for 2 weeks, and fatigue tested with total strain amplitude of 0.0045. Cracks initiate at positions shown by "i" in Fig.  8(a) . Non-metallic inclusions exist at the crack origins, as shown in Fig. 8(b) . The EDS measurement having detected aluminum (Al) from this inclusion, it is an alumina base inclusion. Each crack propagates circularly from the origin to the position of "f" accompanying flat fracture surfaces. It is composed of two different fracture surfaces. As shown in Fig. 8(c) , one is featured by river pattern outlined presumably by grain boundaries, and the other is featured by vague striation pattern. The fracture surface outside of position "f" shows rough striation, as shown in Fig. 8(d) .
Experimental Results on Spheroidized Steel
Thermal Desorption Analysis
Specimens were hydrogen charged at a current density of 1.7 A/m 2 . Figure 9 illustrates the desorption behaviors. The peak height of spheroidized steel is lower than that of normalized steel. The blow-out of normalized specimen at around 360 K disappears with spheroidized specimen. It implies that hydrogen trap site at around 360 K is decreased by spheroidizing. The amounts of hydrogen absorption were calculated from TDA spectrum as 1.02 mass-ppm and 0.57 mass-ppm for normalized and spheroidized specimens respectively.
Low Cycle Fatigue Tests
Fatigue Life
Fatigue tests were performed on specimens hydrogencharged at current densities of 1.7 A/m 2 and compared with that of non-charged specimen. The total strain amplitude is fixed to 0.0045. The fatigue lives are 4 510 cycles and 5 150 cycles for non-charged and hydrogen charged specimens respectively. They are almost same. Hydrogen charging brings very small effect in the case of spheroidized steel.
Deformation Behavior
Evolutions of stress amplitude are compared in Fig. 10 between hydrogen pre-charged and non-charged specimens. In the case of normalized steel, the hydrogen pre-charge Fig. 11 . SEM images of fracture surfaces of (a) & (b) hydrogen pre-charged specimen and (c) non-charged specimen. All are from spheroidized steels. increases the stress amplitudes until it breaks. On the other hand, the increase in stress amplitude of spheroidized steel is about half of the normalized steel, and decreases quickly after several cycles. Afterward it almost agrees with the non-charged specimens. Figure 11(a) shows the fracture surface of hydrogen precharged specimen. Cracks initiate at specimen surface and propagate inside. Closer look reveals striation pattern in Fig.  11(b) , which is almost same with that of non-charged specimen that is shown in Fig. 11(c) . The striations of spheroidized specimens are somewhat vague when compared with that of non-charged spheroidized steel. This might be the feature of low carbon steel softened by spheroidizing heat treatment.
Fractography
Discussion
State of Hydrogen in Normalized and
Spheroidized S10C The TDA measurement is not only useful for determining the amount of hydrogen absorption but also for knowing the state of hydrogen in steel. The main peak in Fig. 3 is as low as 330 K. This low peak temperature is regarded as the peak around 300 K in pure iron, 6) which is relevant to the bcc iron and can diffuse easily in the specimens. Sato et al. 6) examined the effects of specimen size and heating rate on hydrogen evolution spectrum of bcc iron using improved TDS measurement. With larger specimen thickness or increased heating rate, the peak temperature shift toward higher temperature and the spectrum becomes wider. When the specimen thickness and the heating rate are 3 mm and 1 K/min, they report the peak temperature of around 325 K. Considering the specimen size of 5 mm in diameter and heating rate of 1.67 K/min, present peak temperature of 330 K is essentially the same with bcc iron.
Each spectrum has a blow-out or a shoulder around 360 K, implying hydrogen trap is existing. This normalized steel is composed of ferrite phase and lamellar pearlite structure as shown in Fig. 2(a) . The ferrite phase can be correlated with the peak around 330 K mentioned above; the blow-out is ascribed to the pearlite structure. As ferrite/cementite interface is known to trap hydrogen, 7) the shoulder or the blowout should be caused by hydrogen trapped by pearlite that is composed of lamellar cementite and ferrite.
For the case of current density as high as 100 A/m 2 , hydrogen evolution is extended up to 420 K in Fig. 3 . Small cracks or blisters 8) might be formed by such high current density, like the case of hydrogen induced cracking (HIC) caused by immersion to aqueous solution containing hydrogen sulfide. Conversely, the unexpected internal defects can be cleared out before fatigue test, by selecting current density lower than 50 A/m 2 . Figure 2 illustrates that spheroidizing heat treatment changes the shape of cementite from closely spaced lamellar cementite into globular cementite. For the same volume of cementite, surface area is decreased by spheroidizing. This can explain the diminished evolution at around 360 K in Fig.  9 .
Formation of Fish-eye Fracture Surface in Nor-
malized S10C In non-charged normalized specimen, fatigue crack initiates at surface and propagates inside radically accompanying striation, as shown in Fig. 7 . This crack initiation is a usual manner because of extrusion/intrusion formation or inevitable defects at surface. When the specimen is hydrogen pre-charged, the fracture surface has been changed to fish-eye type, as shown in Fig. 8 . Fatigue crack initiates at aluminum containing inclusion inside the specimen, and propagates circularly.
Focusing on the local hydrogen content, it is almost decayed to zero at surface, because it is surrounded by air during fatigue test. Crack initiation can be affected hardly by hydrogen pre-charge. On the other hand, hydrogen is less decreased inside the specimen. Strain cycling would break the adhesion between metal matrix and inclusion in the early cycles. Hydrogen diffuses out through this newly formed surface and produces hydrogen gas atmosphere at the clearance gap between metal matrix and inclusion. This hydrogen gas pressure will be higher with denser local hydrogen concentration around inclusion. This atmosphere can act conversely to maintain the hydrogen content in metal matrix around the clearance gap. Thus crack initiation could become favorable around inclusion. As the crack origin is kept facing to hydrogen gas atmosphere, it would grow and propagate under the effect of hydrogen, producing fish-eye fracture surface composed of vague striation and river patterns.
At the moment when the outer fringe of fish-eye touch the specimen surface, the hydrogen gas atmosphere will be destroyed and the hydrogen assisted fast growth will cease. From this context, it is essential for premature fatigue fracture that high pressure hydrogen gas atmosphere is formed in the clearance gap between metal matrix and inclusion.
Effect of Spheroidizing Heat Treatment
As mentioned in section 4.2.1, fatigue life of spheroidized specimen is hardly affected by hydrogen pre-charging. Figure  12 compares the relations between amount of hydrogen and fatigue life ratio. Here amount of hydrogen is determined as Fig. 12 . Dependence of relative fatigue life on hydrogen content (total amount of evolution). © 2012 ISIJ the total amount of hydrogen evolution in TDA measurement and fatigue life ratio means fatigue life of hydrogen pre-charged specimen divided by that of non-charged specimen. The dashed lines are drawn toward upper-left corner, where fatigue life is hardly affected by small amount hydrogen. If one would judge the data of spheroidized steel be away from the trend line of normalized steel, the discrepancy would come from either nonmetallic inclusion or state of hydrogen. Nonmetallic inclusion is essentially same, because two kinds of heat treatments were given to the same lot of steel bars. The state of hydrogen takes the attention. The two TDA spectra are compared in Fig. 9 . It shows that they are different in the desorption rate around 360 K. The normalized steel has a shoulder or a blow-out, but the spheroidized steel has little desorption rate around the temperature. This means, as discussed in section 5.1, normalized steel can trap certain amount of hydrogen by lamellar cementite; spheroidized specimen can trap only limited amount of hydrogen.
Stress amplitude is raised in the hydrogen pre-charged and normalized steel in Fig. 10 . It continues until failure. Cyclic straining is known to produce large amount of vacancy.
9) The vacancy or vacancy cluster traps hydrogen. 10) This hydrogen-vacancy pair will cause dynamic strain aging at room temperature and causes the above mentioned increase of stress amplitude. 11) Here the increase of stress amplitude can be regarded as the measure that interacts with cyclic straining of fatigue.
Spheroidized and hydrogen pre-charged specimen experiences the increase in stress amplitude during the first several cycles. It rapidly decreases and becomes almost identical to the non-charged steel. As the increase of stress amplitude can be the measure of acting hydrogen, the rapid decrease in stress amplitude is manifesting easy hydrogen diffusion. This agrees well with the fact that temporary hydrogen trap is decreased in TDA spectra of spheroidized steel in Fig. 9 . The temporary hydrogen trap of cementite/ferrite interface takes the role of hydrogen reserve.
Murakami 12) reports fish-eye type fracture in medium carbon Cr-Mo steel (SCM435). He considers that it can be originated by the hydrogen which had been trapped at inclusion before fatigue test and presumably diffuses into matrix during fatigue cycling. TDA measurement shows that this trap site locating at around 570 K in TDA measurement. Present TDA result in Fig. 3 shows no peak at around 570 K. The fish-eye fracture in present study is not caused by the hydrogen trapped by the surface of inclusion before fatigue test. When the normalized specimen is hydrogen pre-charged at high current density as 100 A/m 2 , out-skirt of evolution is observed up to 425 K in Fig. 3 . If one would like to connect these, it seems difficult because of the temperature difference of more than 100 K.
Summary
Effects of hydrogen on low cycle fatigue properties have been fundamentally examined using JIS S10C steel. The amount of pearlite has been altered by heat treatment without changing the nature of non-metallic inclusion. With the aid of hydrogen thermal desorption analysis, the possible mechanism for the degradation of fatigue properties has been discussed. Major results obtained are as follows.
(1) The total hydrogen content is 0.5-1.5 mass-ppm severely degrades the fatigue life of normalized S10C steel, which is not so strong as to be susceptible to hydrogen embrittlement under static loading.
(2) The fracture surface is accompanied by fish-eye fracture surface, which is originated at inclusion and propagating by quasi-cleavage and vague striation.
(3) The hydrogen gas atmosphere around inclusion is claimed to be the major reason of the fish-eye type fracture.
(4) The hydrogen responsible to the degradation is not what is trapped by inclusion before fatigue test, but the hydrogen that comes from lamellar pearlite (lamellar cementite and ferrite) though metal matrix.
(5) The fatigue life of spheroidized steel is not affected by hydrogen pre-charge. This is because the amount of hydrogen which is temporally trapped by cementite/ferrite interface is reduced and the hydrogen gas atmosphere around inclusion does not work sufficiently.
